abStract brazilian soils have natural high chemical variability; thus, apparent electrical conductivity (eca) can assist interpretation of crop yield variations. We aimed to select soil chemical properties with the best linear and spatial correlations to explain eca variation in the soil using a Profiler sensor (EMP-400). The study was carried out in Sidrolândia, MS, Brazil. We analyzed the following variables: electrical conductivity -EC (2, 7, and 15 kHz), organic matter, available K, base saturation, and cation exchange capacity (cec). Soil eca was measured with the aid of an all-terrain vehicle, which crossed the entire area in strips spaced at 0.45 m. Soil samples were collected at the 0-20 cm depth with a total of 36 samples within about 70 ha. Classical descriptive analysis was applied to each property via SAS software, and gS + for spatial dependence analysis. the equipment was able to simultaneously detect ECa at the different frequencies. It was also possible to establish site-specific management zones through analysis of correlation with chemical properties. We observed that cec was the property that had the best correlation with ECa at 15 kHz.
introDuction Precision agriculture can be described as production management taking into account the spatial variability of yield and its related factors. It is a relatively new field of research in agricultural sciences, and provides promising perspectives for generation of new technology and crop management alternatives, as well as potential environmental benefits (Faulin, 2005) .
Homogeneous areas within a field are difficult to identify due to the complex combination of factors that may influence crop yield. Correlations between yield (dependent variable) and production factors (e.g., soil fertility) are quite low (Molin et al., 2001) ; and attempts to explain local phenomena with few factors have been unsuccessful. Several methods have been proposed to define management zones, among them, the use of topography, aerial photographs, crop canopy imaging, and remote sensing, in addition to crop yield mapping, which is currently most known among these sources of information (Molin, 2001 ).
Studies using soil apparent electrical conductivity (ECa) have shown potential in quantifying contents of clay (Williams and Hoey, 1987) , water (Kachanoski et al., 1988) , and salt in the soil solution (Caminha Junior et al., 2000) ; organic matter (Jaynes, 1996) ; cation exchange capacity and exchangeable Ca and Mg (McBride et al., 1990) , and claypan depth (Doolittle et al., 1994; Clark et al., 2000) , among others. Thus, it may be possible to measure the ECa rapidly and at low cost so as to georeference soil properties that affect crop yield (Bronson et al., 2005) . Several types of equipment are commercially available for in situ measurement of ECa, for example, the MuCEP, the Veris 3100, the Soil Doctor, the EM 38, the GEM 300, and the Profiler EMP400.
Soil ECa is controlled by a series of factors, among which are salt content, clay mineralogy, soil moisture, and soil temperature (Brevik et al., 2006) . Netto et al. (2007) observed significant correlation between pH and exchangeable Na concentration, confirming positive and significant correlation between ECa and soil salt content. King et al. (2005) used an electromagnetic current sensor in an experimental field at two periods in the year that exhibit extreme values for soil moisture, field capacity, and permanent wilting point, showing ECa stability in both situations, despite significant differences in absolute terms.
Measurement of spatial and time variability of soil properties influencing crop yield for the purpose of optimizing the use of natural resources, reducing costs, and improving soil quality is of utmost importance for technological advancement of agriculture (Montanari et al., 2010) . Spatial variations may be analyzed via geostatistics, which allow maps to be drawn up marking off areas of site-specific management (Dalchiavon et al., 2013) .
Geostatistical analysis is a tool for evaluating the spatial variability of assessed and mapped soil properties by kriging interpolation, or even from estimates of two variables that are correlated by co-kriging. They can be described as techniques that minimize the estimated variance by regression analysis, taking dependence among data distributed in space into account. Thus, kriging and co-kriging interpolations are strongly associated with models of fitted semivariograms, which may be exponential, spherical, or Gaussian, which can be evaluated by cross validation (Dalchiavon et al., 2013 in reducing the number of soil samples collected, and therefore build up site-specific areas of soil management for precision farming purposes.
Thus, the aims of this study were to select soil properties with the best linear and spatial correlations to explain soil ECa variability, and to collect ECa sampling data using the Profiler EMP-400 equipment.
material anD methoDS
The study was performed during the second half of 2013 on the Ribeirãozinho farm in Sidrolândia, MS, Brazil (20° 54' 59.56" S and 54° 58' 00.30" W) . The study was carried in a field under conventional tillage and degraded grassland for 20 years. Soil at the location is classified as a Latossolo Vermelho distróférrico (Embrapa, 2013) (Oxisol) with 70 % clay content. Data collection (ECa and soil) was done after corn harvest, when soil moisture was low. A georeferenced sketch was made containing 36 points randomly distributed to cover 70 ha of the field. Soil apparent electrical conductivity (ECa) was analyzed at three frequencies (2, 7, and 15 kHz), chosen because they represent the upper, lower, and middle of the frequency range available for measurement. Measurements were performed by Profiler model EMP-400 (Geophysical Survey Systems, 2006) which crossed the entire area in strips spaced at 0.45 m at 1.0 m above the ground on a PVC support on an all-terrain vehicle. Regular soil samples were also collected from the area around each sampling point at the 0-20 cm depth layer for analysis of organic matter content -OM (2.6 %), pH in CaCl 2 (5.5), P (2.9 mg dm A classic descriptive analysis of the data was performed using SAS software (Schlotzhaver and Littell, 1997) , in which the following numerical variables were calculated: mean, median, minimum, maximum, standard deviation, coefficient of variation, kurtosis, asymmetry, and frequency distribution. The Shapiro and Wilk test at 5 % was used to test the hypothesis of normality or log-normality of exposure distribution. In addition, a simple correlation matrix was generated to identify parameters with collinearity in paired combinations of all the properties evaluated, which led to regression analyses for pairs of greatest interest.
Each property was separately evaluated in regard to spatial dependence through calculation of the simple semivariogram, based on the intrinsic stationary hypothesis, by gamma Design software (GS + , 2004) . Semivariogram sets were fitted in accordance with their models and were carried out primarily by initial selection of the lowest sum of squared deviations (SSD), the highest coefficient of determination (R 2 ), and the highest spatial dependence estimator (SDE). Final decision on the model that represented the fit was carried out by cross-validation, as well as for definition of the size of the neighboring area that provided a kriging mesh with the largest range, made by block kriging. The nugget effect (C o ), range (A o ) and sill (C + C o ) were registered for each property. Analysis of the SDE was made by the following expression (GS + , 2004):
where SDE is the spatial dependence evaluator; C, the structural variance; and C + C o , the sill.
The proposed ranking was SDE≤20 % -very low dependence, 20 %<SDE≤40 % -low dependence, 4 0 % < S D E ≤ 6 0 % -m e d i u m d e p e n d e n c e , 60 %<SDE≤80 % -high dependence, and 80 %<SDE≤100 % -very high dependence .
Cross-validation is a tool to assess alternative models of simple semivariograms for kriging. In this analysis, each point within the space is removed individually, and its value is estimated as if it did not exist. The correlation coefficient (r) of such values shows the efficiency of fit, which is calculated by the sum of squared deviations, representing the linear regression equation in question. A regression coefficient of 1 represents a perfect fit, and the line of best fit would match the perfect model, i.e., with the linear coefficient equal to zero and the slope equal to 1 (GS + , 2004). Thus, seeking an ideal number of neighboring points, we obtained, via interpolation, kriging maps to analyze spatial dependence and correlation of the properties. The geostatistical components determined for that purpose were the simple semivariogram, cross-validation, and kriging.
reSultS anD DiScuSSion
The descriptive analysis of apparent electrical conductivity (ECa) of soil properties are shown in table 1. The ECa for the frequencies of 2 and 7 kHz and base saturation (V) had low variability, with the coefficient of variation ranging from -3.41 to 7.19 %. Bernardi et al. (2014) , studying the spatial variability of ECa and soil chemical properties, found a different coefficient of variation for ECa compared to this study, which was considered very high for ECa (48.16 %). As for V, the value of the coefficient of variation was considered low (10 %). According to Pimentel-Gomes and Garcia (2002) , the variability of a property may be classified according to the magnitude of its coefficient of variation, being designated as low (under 10 %), medium (from 10 to 20 %), high (between 20 and 30 %), and very high (above 30 %).
Soil chemical properties such as OM, K and CEC had a medium variability -17.41, 17.87, and 16.24 %, respectively (Table 1) . Alves et al. (2014) , working with a Latossolo Vermelho-Escuro (Oxisol), also found medium values of 17 and 12 % for OM and CEC, respectively; however, they found a high variability of 28 % for K content. Dalchiavon et al. (2011) , studying spatial variability of chemical properties in a Latossolo Vermelho distroférrico (Oxisol) found medium values of 13.9 % for OM; for K and CEC, they found results of 38.5 and 24.5 %, respectively, similar to the present study.
When a statistical variable has normal frequency distribution, the most appropriate measure of the central tendency to represent it should be its mean; otherwise, it should be represented by the median (Dalchiavon et al., 2011) . Therefore, we used the median as the measure of the central tendency to represent properties, since the properties had indeterminate frequency, with positive coefficients of asymmetry from 0.214 to 0.682; as well as a negative coefficient of symmetry of 0.290. In contrast, the coefficient of kurtosis was positive for V (0.589), and for the other properties, it was negative, with values from -0.812 to -0.115. However, the results were not significant by the Shapiro-Wilk test at 5 % normality, since no variation was observed, and all values were smaller than 0.0001 (Table 1) . Thus, indeterminate frequency distribution of the properties, as well as the magnitude of the coefficients of Kurtosis and asymmetry were generally in accordance with Dalchiavon et al. (2011) , who observed indeterminate distribution for chemical properties in a Latossolo Vermelho distroférrico under a no-tillage system in Mato Grosso do Sul, Brazil.
ECa median values increased along with an increase in applied frequency, at -324.10 dS m -1 for 2 kHz; -85.23 dS m -1 for 7 kHz, and -34.39 dS m -1 for 15 kHz. Molin et al. (2005) , studying the ECa of a soil measured via electromagnetic induction in a Latossolo Vermelho (Oxisol), found a median value of -61.0 dS m -1 at 15 kHz, in disagreement with our study. For OM, K, V, and CEC, median values were 2.56 %, 3.64 mmol c dm -3 , 69.08 %, and 132.67 mmol c dm -3 , respectively ( Table 1 ). The OM values are under the optimal value (2.5 %) as recommended by Raij et al. (2011) . Yet for K, the value was appropriate, at 3.64 mmol c dm -3 . These OM and K values are similar to those obtained by Dalchiavon et al. (2011) , which were 2.5 % and 5.0 mmol c dm -3 , respectively. For its part, the V had a high median value of 69.08 %, corroborating Mattioni et al. (2013) , who found a median of 70.7 % in a Hapludox. For CEC, a median of 133 mmol c dm Correlations between ECa and soil chemical properties had greater significance for OM and CEC at 2, 7, and 15 kHz ( Table 2 ). All ECa correlations were positive, except for those with available K, in which the correlation was inverted. As frequency increased, ECa correlation with the soil chemical properties also increased. Castro (2004) found correlation coefficients of 0.74, 0.81, and 0.73 for CEC, K, and V, respectively, when assessing ECa correlation with physical and (1) EC, OM, K, V, and CEC are electrical conductivity, organic matter, potassium, base saturation, and cation exchange capacity, respectively, collected at the 0-20 cm depth. ) * and **: significant at 5 and 1 %, respectively. chemical properties of a Latossolo Vermelho-Escuro distroférrico (Oxisol). There was agreement with the present study only for the CEC property; the other coefficients were higher than the ones found in this study. Salton et al. (2011) , working with ECa data in an Oxisol under conventional tillage, found correlation coefficients of 0.059, 0.669, 0.546, and 0.160 for K, CEC, V, and MO, respectively, with values for the CEC properties and MO near those found in this study. Only for CEC, there was an agreement with our study, being the other properties higher than the ones found in this research. Salton et al. (2011) , evaluating an Oxisol under conventional tillage, found correlation coefficients of 0.059, 0.669, 0.546, and 0.160 for K, CEC, V, and OM, respectively, with values for the CEC properties and OM near the ones found in this study. Figure 1 shows the regression equations among the properties studied. For Hopkins (2000) , coefficients of correlation higher than 0.5 indicate strong correlation, and below this value they are regarded as weak. Thus, figures 1a, 1b and 1c indicate strong correlation, and figures 1d, 1e, and 1f shows correlations seen as weak, but still highly significant.
By geostatistical analysis, a spatial difference may be seen for all the properties studied (Table 3 ). The semivariograms of ECa 2 and 7 kHz were fitted to the spherical model, K was fitted to the exponential model, and ECa 15 kHz, OM, V, and CEC were fitted to the Gaussian model. Freddi et al. (2009) found a Gaussian model for OM and V in a Latossolo Vermelho (Oxisol), corroborating this study. However, these authors found exponential and spherical models for K and CEC, respectively; which differed from the models listed in table 3. By comparing these models with those described by Souza et al. (2006) in a Latossolo (Oxisol), there is only similarity for the K property, which also had a spherical model.
Regarding semivariogram performances, values of the spatial determination coefficient (R 2 ) in decreasing order were V (0.999), 2 kHz (0.998), 7 kHz (0.996), CEC (0.996), 15 kHz (0.993), OM (0.993), and K (0.982). Concerning SDE, the strong dependence (SDE = 99.9 %) found in this study is similar to that observed by , of 92.1 %, but it was best fitted to a spherical model. Table 3 shows the values of range, in decreasing order, which were 7 kHz (1,229 m), 2 kHz (1,095 m), 15 kHz (1,002 m), K (954 m), CEC (905 m), OM (431 m), and V (363 m). Based on these results, further studies that use geostatistical meshes and distances between points similar to the ones used in this study are suggested. Moreover, range values to be used in geostatistical evaluations in precision agriculture, in general, should be from 431 to 1,229 m, since this variation represents the distance within which values of a given property are equal (Cambardella et al., 1994; Campos et al., 2007; Martins et al., 2009; Dalchiavon et al., 2011) .
When comparing the kriging maps (Figure 2 ), a spatial similarity among ECa at 2, 7, and 15 kHz can be noted. Thus, in figures 2a, 2b, and 2c, the lowest values of ECa (-43.5 -337 dS m -1 ) were seen within the northern region. However, the highest values observed for OM were within the central region (Figure 2d) . By comparing the maps of ECa, it can be concluded that the highest values of OM and ECa were seen separately for the southern region (Figures 2a, 2b, 2c, 2d ). Yet in figure 2e, 2f, and 2g, the highest values were found in the western, eastern, and eastern regions of the maps, respectively, representing most of the area. 
concluSionS
The properties of apparent electrical conductivity (ECa) at 2, 7, and 15 kHz, organic matter, available K, base saturation, and cation exchange capacity did not vary at random and exhibited low to medium linear data variability.
CEC was the soil property with the greatest correlation with ECa, and among the frequencies studied, 15 kHz had the highest correlation.
The properties ECa (2, 7, and 15 kHz), OM, K, V, and CEC exhibited spatial variability of the data and spatial dependence ranges from 363 to 1,229 m.
The EMP-400 Profiler equipment was capable of detecting ECa's at various frequencies simultaneously and, through correlation analysis with soil chemical properties, it was possible to establish homogeneous zones for site-specific soil management.
